The effects of arterial hypoxia on interstitial fluid adenosine concentrations were studied in the frontal cortex and thalamus by the brain dialysis technique and in CSF from the cisterna magna of the newborn piglet. Acute hypoxia (Pao2 = 20 ± 1 mm Hg) increased the interstitial fluid adenosine concentrations significantly from 0.68 ± 0.29 (SEM) to 1.60 ± 0.35 /LM in the frontal cortex and from 1.03 ± 0.32 to 2.60 ± 0.86 /LM in the thalamus (n = 8). Interstitial fluid inosine and hypoxan thine also increased significantly during hypoxia. In sepa rate groups of piglets, the adenosine concentration in the cisterna magna CSF under normoxic conditions was 0.04
Adenosine has been proposed as an important metabolic mediator in the regulation of CBF. This hypothesis is supported by the fact that brain aden osine increases significantly during ischemia (Berne et al. , 1974) , hypoxia (Rubio et al., 1975; Winn et al. , 1981) , systemic hypotension (Winn et al. , 1980) , and seizures (Schrader et al. , 1980) . In these studies, however, the brain adenosine levels were measured from the whole brain or in a sample of intact brain using rapid freezing methods. The brain adenosine levels found in these studies thus repre sent mean values of adenosine concentrations in in tracellular, extracellular, and intravascular com partments of the brain. Recent data suggest that a significant proportion of adenosine may remain bound to protein intracellulariy (Olsson et aI. , 1982; Belloni et al., 1984) . To determine the role of aden osine in the regulation of CBF, it is critical to know the concentration of adenosine in contact with the blood vessels in the interstitial space. Zetterstrom et al. (1982) used the brain dialysis technique to ± 0.01 /LM (n = 5), which increased significantly to 0.17 ± 0.04 /LM (n = 6) with hypoxia (Pao2 = 4.7 ± 1.2 mm Hg). Cisterna magna CSF inosine levels did not change significantly during the severe hypoxia. Adenosine con centrations found in the interstitial space and CSF of newborn piglets under normoxic and hypoxic conditions are within the vasodilator range. These results thus sug gest that in the neonatal brain adenosine may play a role in regulating blood flow during hypoxia. Key Words: Brain dialysis-Cerebral blood flow-Cerebrospinal fluid.
measure interstitial adenosine in the caudate nu cleus of the adult rat. These investigators reported a significant increase in the interstitial adenosine level during hypoxia, but they did not specify se verity of hypoxia in their report.
Investigation of the metabolic regulation of CBF in the neonatal brain has been limited, but an in crease in CBF was associated with systemic lactic acidosis (Bucciarelli and Eitzman, 1979) . The im portance of H + and potassium in the regulation of CBF of the neonate remains undetermined. Like wise, the role of adenosine in regulating blood flow of the developing brain has not been studied. To de termine if adenosine might be involved as a medi ator of blood flow in the neonatal brain, we mea sured adenosine concentrations in the interstitial space of two regions of the brain and in the CSF of the cisterna magna of the newborn piglet. In addi tion, changes in adenosine concentrations during hypoxia were studied.
METHODS
Piglets under 7 days of age weighing 0.85-2.14 kg were anesthetized with ketamine hydrochloride (25 mg/kg i.m.), supplemented as needed. Tr acheostomies were performed and the animals were paralyzed (pancuronium bromide 1 mg/kg i.m.) and mechanically ventilated with 70% nitrous oxide and 30% oxygen. The femoral arteries were cannulated to record blood pressure (Gould Brush 260) and to draw samples (0.2 m!) for blood gas analysis (Corning 158 pH/blood gas analyzer). The end-tidal COz was constantly monitored. The rectal temperature was maintained normal for piglets (38-39°C) by means of a heating pad.
Brain dialysis and interstitial adenosine concentration
The brain dialysis technique used in our experiments has been described in detail (Van Wylen et aI., 1986) , and it was modified from the system developed by Johnson and Justice (1983) . The dialysis cannula was made of a hollow dialysis fiber (Clirans THlO) and two silica tubes (inner diameter 25 fLm, outer diameter 115 fLm; Anspec Co., Ann Arbor, MI, U.S.A.) aligned within the hollow dialysis fiber. Characteristics of the hollow dialysis fiber were as follow: chemical property, cellulose acetate; mo lecular weight cutoff, 5,000 amu; inner diameter, 300 fLm; outer diameter, 316 fLm; length exposed for dialysis, 5 mm. The lower end of the dialysis fiber was sealed with cyanoacrylic glue. The end of one of the silica tubes (the inflow tube; length 7 cm) reached to within 1 mm of the sealed end of the dialysis fiber. The end of the other silica tube (the outflow tube; length 7 cm) was placed 5 mm from the end of the dialysis fiber. The inflow tube was connected to a plastic tubing that was in turn connected to a syringe filled with artificial CSF mounted on a mi croinjection pump (Carnegie Medicine AB model CMA/lOO). The dialysis cannula was perfused with artifi cial CSF containing (mM): NaCI 132.8, KCI 3.0, CaClz 2.0, MgClz 0.7, NaHC03 2.4, urea 6.7, glucose 3.7, at pH 7.36. The effluent was collected directly from the outflow silica tube into preweighed plastic tubes and weighed to determine the perfusate volume collected.
For in vivo experiments, each animal had two dialysis cannulas in place, one in the right frontal cortex and the other in the left thalamus. To avoid tissue damage, all surgical procedures for implantation of the cannulas were performed using microsurgical technique under an oper ating microscope. A 2-mm-wide hole was drilled into the right frontal bone 4 mm lateral to the midline and 2 mm posterior to the anterior rim of the orbit. The dura mater and arachnoid membrane were incised. The dialysis can nula mounted on a micromanipulator (David-Kopf In struments) was lowered 15 mm deep into the frontal lobe. This region of the frontal lobe contains exclusively gray matter so that the 5 mm between the ends of the inflow and outflow silica tubes rested within the gray matter. To place the dialysis cannula in the thalamus, a 2-mm hole was drilled into the left frontal bone 1 mm anterior to the coronal suture and 5 mm lateral to the midline. The dial ysis cannula was then lowered into the thalamus 25 mm below the surface of the brain. The dialysis cannula was cemented into place with carboxylate cement and per fused with the artificial CSF. Samples were assayed for adenosine, inosine, and hypoxanthine by HPLC (Beckman 114 M pump, model 160 absorbance detector).
Adenosine concentrations in cisterna magna CSF
In a separate group of animals, a single sample of 350 fLl CSF was obtained from each animal by puncture of the cisterna magna. CSF was collected from the cisterna magna directly into a syringe that held a 3-fLl solution containing 100 fLM dipyridamole (adenosine transport in hibitor) (Boehringer Ingelheim, Ltd., Ridgefield, CT, U.S.A.) and 100 fLM erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA) (adenosine deaminase in hibitor) (Burroughs-Wellcome). A minor injury to the meninges from the cisternal puncture may cause contami nation of CSF with blood and adenosine deaminase. It was expected that dipyridamole blocked uptake or re lease of adenosine by the blood cells and EHNA inhib ited deamination of adenosine by adenosine deaminase. The samples were filtered through Amicon CF25 ultrafil tration cone membranes (molecular weight cutoff, 25,000 amu) in a centrifuge (1,000 rpm, 10 min). A 100-fLl aliquot of the supernatant fraction was analyzed for adenosine and inosine by HPLC.
Experimental protocol
In the first series of experiments, we studied (a) the intervals between the time of implantation of the dialysis cannula and the time when interstitial concentrations of adenosine, inosine, and hypoxanthine reached a steady state; and (b) the interstitial fluid adenosine concentra tions in the frontal cortex and the thalamus. In a group of eight animals under normoxic conditions, dialysis was performed at a perfusion rate of 2 fLlImin for 2 h during which time the perfusate was collected every 20 min. In the same animals, we then continued dialysis for another hour. During the third hour of the experiments, a single sample of -6 fLl was collected after dialysis at a perfusion rate of 0.1 fLlImin.
In a separate group of nine animals, the effect of hyp oxia on interstitial adenosine levels was studied. In these animals the dialysis was performed at a perfusion rate of 2 fLlImin throughout the experiments. In all animals 2 h after cannula placement elapsed before hypoxia was in duced. Before the animal was subjected to hypoxia, a control sample was collected for 20 min. Hypoxia was then induced by adding nitrogen to the inspired air and was maintained for 10 min. After PaOZ was returned to control levels, one 20-min sample was collected.
In our in vitro experiments, dialysis at a perfusion rate of 2 fLlImin resulted in a percentage recovery of 20.3 ± 1.7 for adenosine, 17.3 ± 1.4 for inosine, and 24.2 ± 2.8 for hypoxanthine. The perfusion rate of 0.1 fLlImin yielded a 100% recovery of the three compounds (Van Wylen et aI., 1986) .
For the CSF experiments, three separate groups of an imals were studied: a normoxia group (PaOZ = 118.1 ± 9.3 mm Hg; n = 5) and two hypoxia groups (PaOZ = 19.5 ± 2.6 mm Hg, n = 6; PaOZ = 4.7 ± 1.2 mm Hg, n = 6). Before sampling CSF in the hypoxia groups, each animal was exposed to -3 min of hypoxia after the desired P aOZ had been reached.
Statistical analysis
Statistical analysis of data obtained from the brain dial ysis was performed using analysis of variance followed by paired t tests. Student's t test for unpaired samples was used for analysis of data from the CSF study. All values are presented as means ± SEM. Significance was assessed at the 5% confidence interval.
RESULTS

Adenosine, inosine, and hypoxanthine concentrations under normoxic conditions
The perfusate concentrations of adenosine, ino sine, and hypoxanthine in the frontal cortex and thalamus were elevated immediately following im plantation of the dialysis cannula but decreased rapidly to reach a steady-state level after 1 h (Fig.  1 ). During the 100 min of study, the concentrations of all three compounds were higher in the thalamus than in the frontal cortex. However, the difference in concentrations between the two regions was not significant. The mean (± SEM) perfusate concentra tions of adenosine, inosine, and hypoxanthine in the steady state were, respectively, as follow (J-I-M): frontal cortex, 0.13 ± 0.03,0.31 ± 0.05, and 3.27 ± 0.45; thalamus, 0.16 ± 0.03, 0.36 ± 0.02, and 2.63 ± 0.67. When the brain dialysis was per formed at a perfusion rate of 0.1 J-I-llmin, adenosine, inosine, and hypoxanthine concentrations in the perfusate were, respectively, as follow (J-I-M): frontal cortex, 0.75 ± 0.31,4.95 ± 0.44, and 28.26 ± 2.64; thalamus, 1.09 ± 0.29, 7.21 ± 1.49, and 28.62 ± 3.55. On the basis of our in vitro experi ments, these concentrations should represent the true interstitial fluid levels (Van Wylen et aI., 1986) .
Effect of hypoxia on interstitial adenosine concentration
Physiological parameters under control condi tions were as follow: Pao2 = 96 ± 7 mm Hg, Paco2 = 39 ± 1 mm Hg, pH = 7.39 ± 0.02, MABP = 71 ± 4 mm Hg (mean ± SEM). During hypoxia, Pao2 fell to 20 ± 1 mm Hg and MABP rose to 78 ± 6 mm Hg. Paco2 and pH did not change significantly. After Pao2 was restored to normal, the animals be came acidotic (pH = 7.17 ± 0.04). Other param eters returned to the control values.
As shown in Fig. 2 , hypoxia increased the inter stitial adenosine level 2.4-fold in the frontal cortex (from 0.68 ± 0.29 to 1.60 ± 0.35 J-I-M; p < 0.001) and 2.5-fold in the thalamus (from 1.03 ± 0.32 to Effect of hypoxia on interstitial adenosine concentra tions (n = 9). The perfusion rate was 2 f.11/min, and interstitial concentration was calculated by multiplying perfusate con centration by five. **p < 0.001, *p = 0.037 as compared with pre hypoxia.
2.60 ± 0.86 J-I-M; p = 0.037). Since dialysis at the rate of 2 J-I-llmin yielded 20% recovery for adenosine in in vitro testings, the in vivo concentration of adenosine can be estimated by multiplying the adenosine concentration in the perfusate by five. Although the adenosine level during hypoxia was higher in the thalamus than in the frontal cortex, the difference in concentrations was not significant. After the PP2 was restored to normal, adenosine levels in both regions returned toward control. During hypoxia, inosine and hypoxanthine levels of both regions rose significantly (Fig. 3 ). Based on our in vitro study, interstitial inosine and hypoxan thine concentrations were derived from perfusate concentrations times 5.9 and 4.2, respectively. In contrast to changes in adenosine, however, inosine and hypoxanthine continued to increase during the 20 min of the posthypoxic period studied. The higher inosine and hypoxanthine levels in the thal amus than in the frontal cortex persisted throughout the hypoxia and posthypoxia periods.
Effect of hypoxia on cisterna magna adenosine concentration
Under control conditions, the adenosine concen trations in the cisterna magna CSF was � 19 and 27 times less than that found in the frontal cortex and the thalamus, respectively (Table 1) . There was a twofold increase in adenosine with a decrease of Pao2 to 20 mm Hg, but the increase did not reach statistical significance. When the Pao2 was lowered further to 5 mm Hg, adenosine levels rose fourfold (p < 0.05). Inosine levels increased significantly with a decrease of Pao2 to 20 mm Hg, but returned toward the control value with a further decrease in Pao2. Hypoxanthine could not be measured be- cause the EHNA peaks overlapped the hypoxan thine peaks on the chromatograms.
DISCUSSION
The present study of the neonatal piglet indicates that (a) the resting interstitial adenosine concentra tion in the frontal cortex and the thalamus is � 1 fLM, (b) the adenosine concentration in the cisterna magna CSF under control conditions is much lower than that in the interstitial space, and (c) acute, se vere hypoxia increases adenosine in the interstitial fluid and the cisterna magna CSF.
Brain dialysis technique
The important parameters that may affect re covery of adenine nucleosides using brain dialysis are the properties of the dialysis fiber, the rate of perfusion, the composition of the perfusion fluid, and the concentration gradient of the compounds across the wall of the dialysis fiber. One can stan dardize all four parameters in in vitro situations and the first three in in vivo situations. The in vivo in terstitial fluid concentrations of adenosine, inosine, and hypoxanthine can thus be estimated based on the in vitro recovery rate of the compounds. This represents the major advantage of the brain dialysis technique over the earlier techniques of freezing the brain in studies of brain adenosine because the former allows for measurement of interstitial fluid adenosine and not adenosine in both intracellular and extracellular compartments. Moreover, the protein-free perfusate can be analyzed by HPLC di rectly after dilution, and repeated measurements of adenosine and its degradative products can be made in the same animal.
The major disadvantage of brain dialysis is tissue damage caused by implantation of the dialysis can nula. It is possible that the tissue damage accounts for the high concentrations of nucleosides immedi ately following the implantation. However, evi dence that local tissue damage generated by the di alysis cannula is minor and temporary was obtained in previous experiments on the rat (Van Wylen et aI., 1986).
Adenosine levels under control conditions
Data on total brain adenosine levels in neonatal animals are not available so that we are unable to compare the interstitial adenosine concentration with the sum of the adenosine pools in the piglet brain. Nevertheless, the interstitial adenosine level in the piglet brain appears to be somewhat lower than that of the adult animal.
The reported brain adenosine levels under con-trol conditions are summarized in Ta ble 2. The brain adenosine levels differ significantly with the methods used for sampling the brain and perhaps with species as well. Assuming that adenosine exists exclusively in the interstitial space and the interstitial space constitutes 20% of the brain, adenosine concentration in the interstitial space of the rat brain would range from 2.75 to 95 ILM. The brain adenosine concentrations of the dog and cat would be 55 and 6.55 ILM, respectively. In a recent study by Van Wylen et a1. (1986) with the brain dial ysis technique, interstitial adenosine concentration in the caudate nucleus of the rat was found to be 1.26 IJ-M in the resting state. Zetterstrom et al (1982) also estimated interstitial adenosine in the same region of the rat to be 1-2 ILM under control conditions. In the rat the interstitial adenosine con centration measured with the use of brain dialysis thus approximates most closely the adenosine levels reported by Winn et a1. (1981) who froze the whole brain very rapidly with the brain-blow method of Veech et a1. (1973) . The interstitial aden osine concentration derived from the mean brain adenosine level in their study is 1.9 ILM. These data suggest that in the rat the extracellular adenosine pool may account for the majority of brain adeno sine.
Our study has suggested that interstitial adeno sine levels may vary in different regions of the brain and that the regional difference in concentrations persists during hypoxia. In consonance with these findings, distributions of adenosine uptake sites and activities of enzymes that metabolize adenosine, i.e., 5' -nucleotidase, adenosine kinase, and adeno sine deaminase, were also found to vary in different regions of brain (Phillips and Newsholme, 1979; Geiger and Nagy, 1984) . However, the implication of the heterogeneous interstitial adenosine concen trations in the regulation of CBF is unclear.
Increased interstitial adenosine concentration in regulation of CBF during hypoxia
The increase in adenosine concentrations during hypoxia in the neonatal piglet is in agreement with the results of earlier studies of adult animals. In a study of the rat by Winn et a1. (1981) , severe hyp oxia (Pao2 = 30 mm Hg) produced a sevenfold in crease in brain adenosine. The increased mean brain adenosine concentration during hypoxia was 2.75 nmol/g, which is equivalent to an interstitial adenosine concentration of 13.8 ILM. Zetterstrom et a1. (1982) also reported a significant increase in in terstitial adenosine in the caudate nucleus of the rat during hypoxia. In their study it appears that the animals were subjected to severe hypoxia and the interstitial adenosine concentration during hypoxia was close to 9 ILM. In the rat a significant decrease of MABP occurred with hypoxia (Pao2 = 42.8 mm Hg) that was maintained for 10 min (Van Wylen et aI., 1986) . In response to the combined hypoxia and hypotension, the interstitial adenosine in the cau date nucleus rose to-fold to approach �7 ILM. At present, however, there is still no evidence that the brain adenosine concentrations change significantly during minor degrees of hypoxia.
In the piglet, severe hypoxia also produced a sig nificant increase of interstitial adenosine in both re gions of the brain studied. The increase in adeno sine occurred only after P a02 was lowered to 20 mm Hg, and the magnitude of the increase was less than that seen in the rat. None of the piglets used in our study developed systemic hypotension during hyp-TABLE 2. Reported brain adenosine levels oxia so that this may have contributed to the less pronounced increase in adenosine in the piglet. Since the interstitial adenosine concentration, CBF, and metabolism under normal conditions are low in newborn animals, it is conceivable that these animals produce adenosine at a slower rate in the resting state and in response to altered physiolog ical conditions. Obviously, other possibilities, e.g., differences in species and anesthesia, must be con sidered.
The low adenosine concentration in CSF in the resting state and the small increase in adenosine during hypoxia in the piglet are in keeping with ear lier observations in the adult dog (Bockman et al., 1981) . The findings of our study and those of others indicate the existence of a significant gradient in adenosine concentrations between the brain tissue and the CSF in certain areas of the intracranial space. Adenosine was apparently not degraded in the CSF (Berne et al., 1974) . Instead, the brain avidly takes up adenosine and incorporates it into adenine nucleotides. Therefore, it is conceivable that only a fraction of adenosine escapes from the reuptake process and reaches a large pool such as the cisterna magna, which could account for the lower adenosine concentration in the cisterna magna CSF than in the interstitial fluid. Conse quently, a rise of adenosine in the cisterna magna CSF will be found only when there is a marked in crease in brain interstitial fluid adenosine.
To pically applied adenosine dilates pial arterioles at a concentration as low as 10-9 M, and a sigmoid shaped dose-response curve from 10-9 to 10-3 M adenosine with the inflection point at 10-6 M was reported by Wahl and Kuschinsky (1976) . Morii et al. (1986) observed an exponential dilator response of the rat pial arterioles when exposed to increasing concentrations of adenosine from 10-9 to 10-3 M. Since CBF sensitivity to changes in P aco2 is less pronounced in neonatal as compared with adult an imals (Rosenberg et al., 1982) , the reactivity of ce rebral vessels to adenosine may also follow a sim ilar pattern. Nevertheless, adenosine concentra tions in the interstitial space and the cisterna magna CSF found under normal and hypoxic conditions in the present study are most likely within the vasodi lator range. It is therefore possible that adenosine participates in regulating blood flow during hypoxia in the neonatal brain.
